Mucosal-associated invariant T (MAIT) cells are evolutionarily conserved antimicrobial MR1-restricted CD8 + T cells co-expressing the semi-invariant TCR Vα7.2, and are numerous in the blood and mucosal tissues of humans. MAIT cells appear to undergo exhaustion in chronic viral infections. However, their role in human immunodeficiency virus type 1 (HIV-1) mono-infection and HIV/tuberculosis (TB) co-infection have seldom been elaborately investigated. We conducted a cross-sectional study to investigate the frequencies and phenotypes of CD161 ++ CD8 + T cells among anti-retroviral therapy (ART)/anti-TB therapy (ATT) treatment-naïve HIV/TB co-infected, ART/TB treated HIV/TB co-infected, ART naïve HIVinfected, ART-treated HIV-infected patients, and HIV negative healthy controls (HCs) by flow cytometry. Our data revealed that the frequency of MAIT cells was severely depleted in HIV mono-and HIV/TB co-infections. Further, PD-1 expression on MAIT cells was significantly increased in HIV mono-and HIV-TB co-infected patients. The frequency of MAIT cells did not show any significant increase despite the initiation of ART and/or ATT. Majority of the MAIT cells in HCs showed a significant increase in CCR6 expression as compared to HIV/TB co-infections. No marked difference was seen with expressions of chemokine co-receptor CCR5 and CD103 among the study groups. Decrease of CCR6 expression appears to explain why HIV-infected patients display weakened mucosal immune responses.
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Introduction
Human immunodeficiency virus type 1 (HIV-1) infection leads to dramatic loss of CD4 + T cells and increased systemic T-cell activation contributing to increased susceptibility to opportunistic infections (OIs), especially with Mycobacterium tuberculosis (MTB) [1] [2] [3] . MTB and HIV infections interfere and have a remarkable impact on each other's pathogenesis [4] . Of note, HIV infection is the utmost risk factor for acquisition of MTB infection [5] . Clinical evidence suggests that despite long-term highly-active antiretroviral treatment (HAART), susceptibility to MTB infection is not fully repaired, and that loss of the CD4 + T cells is not the sole responsible mechanism [5, 6] . Mucosal-associated invariant T (MAIT) cells represent a distinct T-cell subset that accounts for~1/3 rd of the CD8 + T-cell pool in the blood of healthy individuals [7] [8] [9] . MAIT cells express a semi-invariant Vα7.2-Jα33/12/20 T-cell receptor (TCR) that recognize antigens presented on the MHC class I-related (MR1) molecule [7, 9, 10] . CD161 is a C-type lectin-like receptor found on CD4 + , CD8 + , γδ T cells, and NK cells [11] [12] [13] [14] and also within CD8 -CD4 -T cells. The expression of CD161 helps distinguish three distinct subsets, viz., CD161 -, CD161 + , and CD161 ++ subsets [15, 16] . The CD161 ++ CD8 + T cells reportedly produce IL-17A and IL-22, factors important in the maintenance of mucosal integrity and antibacterial immune responses [9, [16] [17] [18] . More recently, an important overlap between expression of CD161 and MAIT cells has been reported with~80-90% of CD161 ++ cells co-expressing the canonical Vα7.2 TCR [11, 19] . MAIT cells express a range of chemokine receptors, which serves to explain its preferential localization and trafficking to the gut, but more prominently to the lungs and liver [9, 11, 20] . MAIT cells can be activated by MR1-ligand-TCR ligation or via exposure to IL-12 and IL-18 leading to release of pro-inflammatory cytokines and granzymes [10, [21] [22] [23] . MAIT cells also appear to have a role in host immune responses against MTB [15, 24] . MTB-infected individuals reportedly have lower frequencies of MAIT cells as compared with healthy individuals, although there appears to be limited difference in the frequencies between active and latent MTB infections [25] . MAIT cells from healthy individuals express significantly lower levels of activation markers (CD38, HLA-DR), inhibitory (TIM-3), and senescence markers (CD57) than those from HIV-infected individuals. Interestingly, evidence suggests that long-term anti-retroviral treatment (ART) has been shown to decrease HLA-DR and TIM-3 although this seldom seems to alleviate the expressions of CD38 and CD57 on MAIT cells [26] . Here, we investigated how the CD161 ++ CD8
+ T-cell populations were affected HIV infection and by HIV/MTB co-infection, especially in the context of ART/ATT therapy. We also sought to understand the molecular basis behind potential MAIT cell exhaustion, and investigate the frequency of expression of programmed cell death protein 1 (PD-1), which has a concrete role in the exhaustion of classical CD8 + and CD4 + T cells in HIV disease.
Materials and Methods

Ethics Statement
The protocols involving human subjects were approved by the Medical Ethics Committee (MEC) of University of Malaya Medical Centre (UMMC), Kuala Lumpur, Malaysia (MEC201311-0496), and conducted as per the guidelines of the International Conference on Harmonization Guidelines and Declaration of Helsinki. All participants provided written informed consent. The written consent form was approved by the ethics committee and signed by the subject or the subject's legally authorized representative. A copy of the document was given to the person signing the form. The entire consent process was approved by the MEC for conduct of the research.
Patients
A total of 50 individuals with different infection statuses with HIV mono-infection or HIV/TB co-infection were recruited for a cross-sectional investigation in Kuala Lumpur, Malaysia. Healthy control (HC) individuals (HIV and TB negative) (n = 10), ART/TB treatment naïve HIV/TB co-infected patients (CPTN, n = 10), ART/ATT-treated HIV/TB co-infected patients (CPTP, n = 10), ART naïve HIV-infected patients (HVTN, n = 10) and HIV infected patients on ART (HVTP, n = 10). All individuals in the untreated infection groups were ART and TB therapy naïve, and all the treated patients had received treatment for two years. Co-infected patients were pulmonary TB cases identified by a positive sputum acid-fast bacilli (AFB) staining (Ziehl-Neelsen or auramine phenol staining) or sputum culture. All individuals defined as negative for TB were asymptomatic, commercial RD1-based ELISPOT-IFN-gamma (IFN-γ) assay negative and sputum smear and culture negative for MTB on induced sputum. HIV and MTB mono-and co-infected individuals were recruited at the Infectious Diseases Clinic of the University of Malaya Medical Centre (UMMC), Malaysia. HCs were defined as persons free from any viral infections (HBV, HCV and HIV), and TB infection. HC individuals were recruited at the Blood Transfusion Clinic of the UMMC. Descriptive and clinical data obtained from the participating subjects is shown in Table 1 .
Peripheral Blood Mononuclear Cells
Ten milliliters (mL) of whole blood was collected from all subjects by venipuncture in lithium heparin BD Vacutainer (BD Biosciences, Franklin Lakes, USA). Within 3 hours of venipuncture, PBMCs were extracted from the whole blood samples by density-gradient centrifugation with FicollPaque Plus (Sigma-Aldrich) reagent. Cell viability was determined by 0.4% trypan blue vital staining procedure. PBMCs (1.5 x 10 6 cells/mL) were immunostained immediately for MAIT cell markers following separation.
MAIT Cell Immunophenotyping
All antibodies were pre-titrated to determine appropriate working concentrations. Immunostaining with periridin-chlorophyll protein (PerCp)-Cy5.5-conjugated anti-CD3 (BD Biosciences, clone UCHT1), allophycocynanin (APC)-H7-conjugated anti-CD8 (BD Biosciences, clone SK1) and APC-conjugated anti-CD161 (BD Biosciences, clone DX12) in the phenotypic characterization of MAIT cell was performed according to the protocol set by the commercial manufacturer (BD Biosciences). Surface staining for specific receptors was performed using monoclonal antibodies (mAbs) directed against: FITC-conjugated PD-1 (clone MIH4), phycoerythrin (PE)-conjugated CCR6 (clone 11A9), PerCp-Cy5.5-conjugated CCR5 (clone 3A9) and PE-conjugated TCR Vα7.2 (clone 3C10) (all mAbs procured from BD Biosciences). Immunostained samples were washed twice prior to acquisition on a FACS Canto II Immunocytometry system (BD Biosciences) and analyzed using FACS Diva software. Data were analyzed using FlowJo (version 9.3.1 and version 10). Doublets were excluded based on FSC-H and FSC-A, lymphocytes were identified based on FSC and SSC, and dead cells were excluded based on BD Horizon Fixable Viability Stain 510 (BD Biosciences). CD3 + and CD8 + T lymphocytes were identified. Fluorescence minus one (FMO) controls was used for optimal gating.
Statistical Analysis
Mean and standard error of the mean (SEM) were used to describe each variables analyzed. Due to the sample size and the assumption that the sample population does not follow normal distribution, non-parametric unpaired t test (or Mann-Whitney U test) was selected for comparisons between the two independent groups. Two-sided Mann-Whitney tests for nonparametric data were used to compare the two groups. Differences were considered significant with Ã P<0.01, ÃÃ P<0.001 and ÃÃÃ P<0.0001. Correlation analysis between CD161 ++ CD8 + Tcell frequencies and HIV plasma viral load (PVL) was performed using the Spearman's rank correlation coefficient. All analyses were performed using the PRISM 5 software for Windows version 6.01(GraphPad, La Jolla, CA, USA). (Fig 1D) . We also examined the frequencies of MAIT cells in the study population. Our results showed that HIV mono-infected ART naïve patients (median, 0.82%; range, 0.15-6.8; P = 0.05), HIV/TB co-infected patients treatment naïve (median, 0.75%; range, 0.08-2.3; P = 0.001), and HIV mono-infected patients with treatment (median, 1.38%; range, 0.16-3.4; P = 0.05) had a significantly lower number of MAIT cells as compared to HCs (median, 3.77%; range, 0.32-8.0) (Fig 2B) . We also observed that a minority of the HCs had low number of MAIT cells while a minority of HIV-infected or HIV/TB co-infected patients had normal or nearly normal frequency of MAIT cells (data not shown). No significant changes were noted in frequencies of non-MAIT CD161 + (dim) CD8 + T-cells among the different groups (Fig 2C) .
The frequency of CD161 ++ CD8 + T cells did not correlate with either PVL or CD4 + T-cell counts (r = 0.25; P = 0.1) (Fig 2D and 2E) . We also observed in the healthy controls that the percentage of CD161 ++ T cells was lower than the percentage of CD161 + T cells within the CD8 + T-cell population.
CD161
++ MAIT Cell Frequencies do not Recover During ART and ART/ ATT Therapy Next, we sought to investigate the impact of ART and/or ATT on MAIT cells. We observed significantly reduced PVL (P<0.0001) and significantly increased CD4 + T-cell counts (P = 0.0004) ( Table 1) . However, ART-mediated viral suppression did not restore the frequency of CD161 ++ MAIT cells in HIV mono-infected treated patients (median, 1.38%; range, 0.16-3.4, P = 0.7) relative to HIV mono-infected treatment naïve patients (median, 0.82%; range, 0.15-6.8) and HIV/TB co-infected treated patients (median, 1.44%; range, 0.05-8.7; P = 0.5) in comparison with HIV/TB co-infected treatment naïve patients (median, 0.75%, range, 0.085-2.3) (Fig 2B) . In addition, the HIV/TB co-infection significantly decreased the frequencies (median, 0.75%, range, 0.08-2.3) of CD161 ++ MAIT cells as compared to HIV monoinfection (median, 0.82%; range, 0.15-6.8) among the treatment naïve group (Fig 2B) . (Fig 3A and 3B ).
PD-1 Expressing
MAIT Cells Express Significantly Lower Levels of CCR6 During HIV/TB Co-Infection
To determine the homing capacity of CD161 ++ CD8 + T cells, we investigated expression of homing receptors CCR6, CCR5 and the mucosal integrin receptor CD103. Majority of the (Fig 3C) . There was no difference in the expressions of CCR5 (Fig 3D) (Fig 4C) .
MAIT cells in healthy subjects
Surface Expression of PD-1 on CD161 ++ /MAIT Cells is Inversely Proportional to the Turn-Over Rates of MAIT Cells in the Periphery
Next, we investigated if the expression of PD-1 on CD161 ++ /MAIT cells had any association with the frequency of these cells in the peripheral circulation of all the study groups. Our results showed that turn-over rates of MAIT cells correlated inversely with surface PD-1 expression on CD161 ++ /MAIT cells (P = 0.0039 and r = -0.4006) (Fig 5) . This shows that PD-1 expression levels on MAIT cells likely impacts the frequency of these cells in the peripheral blood. To conclude, we hypothesized that the frequency of CD161 ++ /MAIT cells correlated negatively with surface PD-1 expression on these cells.
Discussion
In this study, we investigated CD161 ++ MAIT cells in the peripheral blood of HIV mono-and HIV/TB co-infected subjects. We found that the number of MAIT cells was severely depleted in both HIV mono-and HIV/TB co-infected patients whereas the number of CD161 + CD8 + T cells was stably maintained in patients. Our findings are in line with recent investigations [25, 27] . It has been suggested that depletion of MAIT cells could result from redistribution to other inflamed tissue sites, poor ability or failure to regenerate from thymic precursor cells, lack of antigen-presenting cells (APCs), or MAIT cell death caused by MR1-dependent antigen-induced cell death (AICD), activation-induced apoptosis, bystander cell death and direct viral infection [28] .
Evidence suggests that CD161 ++ MAIT cell numbers fail to recover in the peripheral blood [26] ] in spite of treatment with ARV and anti-TB drugs [28] . Our current investigation is in agreement with Leeansyah et al. in regards to the frequency of recovery of MAIT cells [26] . The effect the initiation of ART at an earlier stage of HIV infection has on MAIT cells frequency largely remains unknown and the progression rate of HIV infection damaging MAIT cell populations still remain unclear [26] . Leeansyah et al. have recently reported that the number of MAIT cells decline following exposure to HIV [26] . Here, we observed that conventional therapy increased CD4 + T-cell counts and decreased PVL as also reported by other investigators [25, 26] and we also found that CD161 ++ MAIT cell frequencies in subjects with HIV monoand HIV/TB co-infections showed no significant correlation with either HIV PVL or CD4 + T-cell counts. MAIT cells respond to various microbial pathogens recognized via their non-specific germline-derived TCR activated by microbial antigens [29] conferring protection from OIs. Unsurprisingly, a decline in MAIT cell frequency could impose threats to the host's ability to deflect infection by mycobacterial, and other bacterial or fungal pathogens. This could partly explain why HIV-infected patients with lower number of MAIT cells become more prone to MTB infection although low CD4 + T-cells counts markedly contribute to this defect. Further, MTB can dampen MAIT cell frequency in HIV-infected patients by diverse mechanisms including accumulation in tissues and AICD [28] . This was clearly evident from our results wherein the HIV/TB co-infected group had an even lesser number of MAIT cells than the HIV mono-infected group, although our data in this aspect was not significant. Our current observation is in line with recent studies, which suggest that MAIT cell numbers in the peripheral blood of MTB-infected patients are lower as compared to normal healthy individuals and non-MTB-infected patients due to potential migration of MAIT cells to pulmonary sites to control and contain the dissemination of bacteria [7, 25] . This is also evident from the increased expression levels of MR1 on lung epithelial cells following infection with MTB [15] . Besides, there is also a possibility that HIV and MTB can contribute equally in a concerted way to decrease MAIT cell levels facilitating the chances of acquiring another infection. Wong and others have also reported decreased MAIT cell numbers in HIV-negative individuals with active TB or latent TB [25] . Although MAIT cells appear to have a lesser role against viral pathogens, the role of mucosal immunity appears to be highly significant in HIV infection [30] owing to the systemic impact mucosa derived microbe-derived components has on the infection. It is clear from several studies, especially by Leeansyah that years of effective combined ART (cART) might seldom restore MAIT cell numbers in peripheral blood [19, 25, 26, 28] . Furthermore, despite the failure in numerical recovery, Leeansyah et al. have observed partial functional recovery in residual MAIT cells among HIV-infected patients following initiation of effective long-term ART [25, 26] . Exhaustion of MAIT cells in HIV-positive individuals can also be facilitated by persistent exposure to microbial antigens. MAIT cells recruitment is thought as a compensatory mechanism to defend overall CD4 + T-cell-depleted HIV-infected mucosa. This has been supported by the observation where MAIT cells in the rectal mucosa were better preserved than those in the peripheral blood of HIV-infected patients [26, 28] . Here, we also demonstrated that the decrease in MAIT cells frequencies might be linked to expression of PD-1 on MAIT cells. PD-1 is known for its ability to down-regulate the functional secretory abilities and proliferation of classical CD4 + and CD8 + T cells causing them to undergo functional exhaustion during persistent HIV infection [31, 32] . Nonetheless, its expression on MAIT cells has not been investigated in detail. Here, we showed that MAIT cells from healthy HCs expressed very low levels of PD-1 but the expression was significantly enhanced in HIVinfected and HIV/TB co-infected patients. Based on our finding, we propose that the decrease of MAIT cells population in HIV-mono-and HIV/TB co-infected patients is likely associated with increased expression of PD-1, which potentially induces the inhibition of MAIT cell proliferation directly or indirectly, which however remains to be investigated. Leeansyah [26] . This hints to the effect for the down-regulation of CD161 on MAIT cells of infected patients. Of note, increased expression of CD161 has also been correlated with the ability of MAIT cells to migrate preferentially to the intestine and liver [9] . Thus, the decline in CD161 expression implies functional defect and tissue-homing ability of MAIT cells in HIV infection. CCR6 is a chemokine receptor that may play a role in trapping CCR6 + T cells in secondary lymphoid tissues due to increased CCR6 ligand production during HIV infection [26] . It has been suggested that the trapped cells then undergo apoptosis leading to the gradual loss of CCR6 + T cells. Thus, CCR6 can be used as a marker to monitor HIV disease progression [34] .
CCR6 is also one of the characteristics for a specific population of memory cells that secrete TNF-α, IL-2, and IFN-γ upon infection [34] . In our study, the significant decrease of CCR6 expression on MAIT cells of HIV mono-infected and HIV/TB co-infected patients may explain why HIV-infected patients have weakened immunity at their mucosal sites, especially at genitalia, respiratory, and intestinal mucosal surfaces. CCR5 is a chemokine receptor that has been well described as a HIV entry co-receptor on CD4 + T cells [35] . We didn't observe so much difference in the number of MAIT cells expressing CCR5 among the different study groups. This is in contrast to another recent study, which demonstrated the high level expression of CCR5 by MAIT cells of healthy individuals [25] . They also showed significantly lesser expressions of CD103 on MAIT cells in HCs, which on the other hand was not significant in our current investigation.
In conclusion, our study showed that MAIT cells frequency was severely depleted during HIV mono-and HIV/TB co-infections. This observation is important as it suggests that MAIT cells may have significant roles in HIV infection besides bacterial and fungal infections. Further investigations with tissue samples of HIV-infected patients may be necessary to deduce the precise role of recruitment of MAIT cells in HIV infection. Moreover, PD-1 was highly expressed on MAIT cells in the peripheral blood of HIV mono-and HIV/TB co-infected patients, and that this elevated expression was not decreased in spite of initiating treatment with ART/ATT drugs, suggesting that these cells undergo immune exhaustion as a consequence of HIV infection. Our data supports a role for a functional role of MAIT cells in innate defense against HIV infection, and is vulnerable to immune exhaustion as a consequence of HIV infection. Decrease of CCR6 expression likely explains why HIV-infected patients have weakened mucosal barrier immunity attributes.
